Small leucine-rich proteoglycans interact with other extracellular matrix proteins and are important regulators of matrix assembly. Fibromodulin has a key role in connective tissues, binding collagen through two identified binding sites in its leucine-rich repeat domain and regulating collagen fibril formation in vitro and in vivo. Some nine tyrosine residues in the fibromodulin N-terminal domain are O-sulfated, a posttranslational modification often involved in protein interactions. The N-terminal domain mimics heparin, binding proteins with clustered basic amino acid residues. Because heparin affects collagen fibril formation, we investigated whether tyrosine sulfate is involved in fibromodulin interactions with collagen. Using full-length fibromodulin and its N-terminal tyrosine-sulfated domain purified from tissue, as well as recombinant fibromodulin fragments, we found that the N-terminal domain binds collagen. The tyrosine-sulfated domain and the leucine-rich repeat domain both bound to three specific sites along the collagen type I molecule, at the N terminus and at 100 and 220 nm from the N terminus. The N-terminal domain shortened the collagen fibril formation lag phase and tyrosine sulfation was required for this effect. The isolated leucine-rich repeat domain inhibited the fibril formation rate, and full-length fibromodulin showed a combination of these effects. The fibrils formed in the presence of fibromodulin or its fragments showed more organized structure. Fibromodulin and its tyrosine sulfate domain remained bound on the formed fiber. Taken together, this suggests a novel, regulatory function for tyrosine sulfation in collagen interaction and control of fibril formation.
Small leucine-rich proteoglycans (SLRPs) 3 mediate important interactions with other components in the extracellular matrix of connective tissue, e.g. collagens, which give tissues their specific properties (1) . In these proteins, the central leu-cine-rich repeat (LRR) domain comprises ϳ80% of the protein and is composed of 10 -12 repeats with leucine residues at conserved locations (2) . This domain is flanked by N-and C-terminal motifs (3) , containing conserved cysteine residues forming disulfide bonds.
The LRR domains bind to collagen and in many cases modulates collagen fibril formation in vitro (4 -6) . Indeed, collagen matrix assembly in vivo is altered upon SLRP gene inactivation. Fibromodulin-deficient mice show a larger proportion of thin collagen fiber bundles in weakened tendon and ligaments (7, 8) , whereas lumican-deficient mice have fragile skin and opaque cornea with abnormally thick collagen fibrils (9) , and keratocan-deficient mice show increased fibril diameters and less organized packing of collagen fibrils in the stroma (10) . Aggravated phenotypes are seen in compound knock-out mice, where e.g. the fibromodulin/lumican double knock-out mice shows weak tendons and development of early osteoarthritis, probably due to destabilization of the joints (11, 12) .
The N-terminal-extended domains confer unique properties to the different SLRP proteins, e.g. acidic properties with a variable number of tyrosine sulfate residues in the case of fibromodulin, osteoadherin, and lumican (13, 14) or basic with a cluster of Arg or Lys residues in PRELP (proline arginine-rich end LRR protein) (15, 16) . Osteoadherin also contains a C-terminal extension carrying up to two additional tyrosine sulfates (13) . Tyrosine sulfation is believed to enhance protein interactions, and is critical, e.g. for P-selectin binding to P-selectin glycoprotein ligand-1 in leukocyte extravasation (17) . We have previously found that the tyrosine-sulfated N-terminal domain of fibromodulin mimics heparin in interacting with protein domains containing clusters of basic amino acids (18) . Heparin and other oversulfated glycosaminoglycans have been shown to bind to different types of collagens (19) and influence collagen fibril formation in vitro (20, 21) . This implies that the tyrosine sulfate domain of fibromodulin could interact with collagen. We now show that this domain contributes a third collagen binding site to fibromodulin, that it affects collagen fibril assembly, and that this is dependent on sulfated tyrosine residues.
Results
Fibromodulin Protein Variants-In the present study, we have used a number of different fibromodulin protein variants, purified from tissue or expressed as recombinant proteins. The different proteins are shown schematically in Fig. 1A , and a Coomassie Brilliant Blue-stained SDS-PAGE gel with the proteins is shown in Fig. 1B .
The names of these proteins or protein fragments reflect: 1) the origin of the protein (tissue purified or recombinant), 2) the included residue numbers, and 3) the absence of posttranslational modification when produced in Escherichia coli. Thus, full-length fibromodulin purified from tracheal cartilage is referred to as tFM_19 -376 (starting at residue 19 because the signal peptide is cleaved off, and extending to the C terminus, i.e. residue 376), and rFM_19 -376 is the corresponding recombinant protein produced in 293-EBNA cells. The recombinant protein rFM_64 -376 is a truncated fibromodulin omitting the tyrosine sulfate domain and starting at amino acid Ala 64 , a pre-viously identified matrix metalloproteinase 13 cleavage site in fibromodulin (22) . The tFM_19 -98 protein is the isolated tyrosine-sulfated N-terminal fragment of tFM_19 -376, whereas its bacterially expressed equivalent was named rFM_19 -98_0S to emphasize its lack of post-translational modification. Finally, tFM_33-74 is a tryptic fragment of tFM_19 -98 containing the central part of the N-terminal extension with tyrosine sulfate residues.
The Fibromodulin N-terminal Extension Binds Collagen Type I-To determine whether the tyrosine-sulfated N-terminal extension of fibromodulin was involved in collagen interac- tion, acid-extracted collagen type I from mouse tail tendon was coated onto a plastic surface and the fibromodulin variants tFM_19 -376, tFM_19 -98, rFM_19 -376, or rFM_64 -376 were allowed to interact. All the fibromodulin variants showed binding to collagen type I, including the tFM_19 -98 fragment (Fig. 1C ). To verify and characterize the interaction with collagen type I, tFM_19 -376, rFM_19 -376, or rFM_64 -376 were injected over pepsin-extracted collagen type I immobilized onto a BIAcore C1 surface plasmon resonance chip. The fulllength tFM_19 -376 ( Fig. 1D ) and rFM_19 -376 ( Fig. 1E ) as well as the N terminally truncated rFM_64 -376 ( Fig. 1F ) fibromodulin showed binding to the immobilized collagen molecules, confirming the solid phase results. The interactions showed distinct differences in both the association and dissociation phases. In particular the dissociation of full-length tFM_19 -376 was much slower than that of truncated rFM_64 -376, verifying contributions from both the N-terminal site and the LRR-domain sites in binding to the collagen molecule. This also demonstrates that binding via the N-terminal tyrosine sulfate-rich domain contributes to the overall affinity to collagen ( Fig. 1 , D and F). As the rFM_64 -376 protein is expressed without keratan sulfate chains and can be purified under mild conditions, we compared rFM_19 -376, expressed in the same system as the rFM_64 -376, to the bovine cartilage derived tFM_19 -376 carrying keratan sulfate (14) . The two full-length variants showed similar binding to collagen type I ( Fig. 1 , D and E). As there are several binding sites, both for fibromodulin on the collagen molecule and for collagen on fibromodulin, it was not possible to calculate affinities. The tyrosine-sulfated N-terminal tFM_19 -98 protein gave no detectable response in the BIAcore assay, perhaps reflecting charge repulsion from the carboxymethylated surface (data not shown).
The Tyrosine Sulfate-rich Domain of Fibromodulin Modulates Collagen Fibril Formation in Vitro and Is Retained on the
Fibers-Fibrillogenesis of pepsin-extracted collagen in the presence of the tFM_19 -98 fragment resulted in a shortened lag phase compared with fibrillogenesis of collagen alone (Fig.  2, A and B ) and the effect on lag-phase was dose dependent (Fig.  5 , A and C). The tFM_19 -98 fragment had a very minor effect on the rate of turbidity increase (Hill slope), whereas the plateau level was unchanged ( Fig. 2B ). In contrast, adding the rFM_64 -376 fragment to the collagen fibrillogenesis assay resulted in a slightly prolonged lag phase, along with a minor decrease in the rate of turbidity increase and a slightly delayed t 50 (Fig. 2, A representative experiment; *, p Ͻ 0.1; **, p Ͻ 0.01; ***, p Ͻ 0.001; and ****, p Ͻ 0.0001 by one-way ANOVA and Tukey's multiple comparison test. C, after completion of the fibrillogenesis assay, collagen fibrils were collected by centrifugation. Samples taken before centrifugation (T), and supernatant (S) and pellet (P) after centrifugation were analyzed by SDS-PAGE and Western blot analysis for fibromodulin. D, collagen type I fibrils formed in vitro in the presence of fibromodulin tFM_19 -376, tFM_19 -98, or rFM_64 -376 were visualized by negative staining electron microscopy and bound fibromodulin variants were detected with a gold-labeled antibody. E, acid-extracted collagen type I from mouse tail tendon (20 g/ml) in PBS or in the presence of tissuederived tFM_19 -98 (0.29 M) was allowed to form fibrils at 28°C and turbidity was measured at 405 nm over time. F, lag phase length (t Lag ) from four-parameter sigmoidal curve fits of the collagen fibril formation reaction shown in panel E.
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fibromodulin (tFM_19 -376) slowed down the turbidity increase and lowered the plateau level in the fibrillogenesis assays, as did recombinant full-length rFM_19 -376 ( Fig. 2, A  and B) . Notably, both full-length fibromodulin proteins consistently shortened the lag phase, to the same extent as tFM_19 -98 or more ( Fig. 2, A and B) . This shortening of the lag phase was reproducibly observed with several batches of fulllength fibromodulin purified from different types of cartilage tissue (data not shown).
To determine whether the different fibromodulin variants remained bound to collagen fibrils, the presence of tFM_19 -376, tFM_19 -98, or rFM_64 -376 was evaluated in pelleted collagen fibers and supernatants, respectively, after overnight fibril formation in the presence of the proteins. There was an approximately equal amount of the rFM_64 -376 in the supernatant and pellet, whereas almost all tFM_19 -376 and most tFM_19 -98 was detected in the pellet (Fig. 2C ). The presence of tFM_19 -376, tFM_19 -98, and rFM_64 -376 on fibers of collagen type I after 24 h of incubation was verified by negative staining EM, using a gold-labeled fibromodulin-specific antibody ( Fig. 2D ). No staining was seen in the absence of fibromodulin (not shown).
To verify that the tyrosine-sulfated fibromodulin domain had an effect also on collagen with retained telopeptides, we performed a fibril formation assay using acid-extracted tail tendon collagen from 3-week-old mice. Due to the rapid polymerization of this collagen, the assay was performed at lower temperature (28°C) and with lower concentrations of collagen and tFM_19 -98. As shown in Fig. 2 , E and F, tFM_19 -98 shortened the polymerization lag phase without an effect on the plateau level or slope of the turbidity curve.
The Fibromodulin Tyrosine Sulfate-rich and LRR Domains Bind Separately to Collagen Monomers at Three Shared Binding
Regions-Three fibromodulin binding sites along the collagen molecule were identified using gold-labeled antibody detection and negative staining EM (Fig. 3A) . In a few cases, binding was observed to both termini of pepsin-treated collagen molecules ( Fig. 3A ). Full-length fibromodulin (tFM_19 -376), the tyrosine sulfate-rich domain (tFM_19 -98), and the LRR domain (rFM_64 -376) showed similar binding patterns on pro-collagen type I, with one site at the N-terminal of the collagen triple helical part and additional sites at distances of 100 and 220 nm from the N-terminal, respectively ( Fig. 3B, left) . In parallel experiments with pepsin-treated collagen type I, the same binding sites were found ( Fig. 3B, right) . Neither the pepsin-extracted collagen, nor the procollagen, showed any reactivity to the anti-fibromodulin antiserum (not shown). The resolution of the electron microscopy method, when employing a goldtagged antibody to detect binding, is 20 Ϯ 5 nm, corresponding to about 70 amino acids along the triple helix, which does not allow conclusions on whether binding is to identical sites on the collagen molecule for all three fibromodulin variants. We did, however, find simultaneous binding of two individual fibromodulin molecules to separate binding sites on the same collagen molecule (Fig. 3A ).
An informative observation from EM studies was that the full-length fibromodulin could bind two collagen molecules at the same time ( Fig. 3C) , showing that the two binding sites in the LRR and the tyrosine sulfate domain of fibromodulin can concomitantly bind different collagen molecules, which could be important in networking and assembly. The constructs rep- NOVEMBER 4, 2016 • VOLUME 291 • NUMBER 45
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resenting the isolated N-terminal or LRR domains did not mediate such cross-linking (data not shown).
As shown in Fig. 2D , the fibromodulin constructs bound to the formed fibers, predominantly at the borders between overlap and gap regions. This is in agreement with the mapping of collagen binding sites (Fig. 3B ) on the collagen fibril D-period, as illustrated in Fig. 3D .
The Tyrosine Sulfate-rich Domain Directs and Arranges the Collagen Monomers into Highly Organized Fibril Structures-
To study the effects of the N-terminal and LRR domains of fibromodulin on collagen fibril formation, samples were collected from a fibrillogenesis experiment and visualized by negative staining electron microscopy. At time point 0 the collagen monomers were aggregated in the presence of all of the fibromodulin variants, resulting in engagement of 7-11 collagen chains (11-16 nm) compared with collagen alone, where no such aggregates could be detected (Table 1 and Fig. 4A, 0h) . After 3 h incubation at 37°C, all samples contained a second population of thicker fibers, in addition to the fibril population of 10 -16 nm in diameter. In the presence of tFM_19 -98 or rFM_64 -376, this second population of fibrils was thicker with more variable diameter compared with the sample in the presence of full-length fibromodulin (tFM_19 -376) or PBS. The latter two showed more uniform thinner diameter fibrils, but with differences in fibril maturation. As judged from the fibrillar cross-striation, samples containing tFM_19 -376, tFM_19 -98, or rFM_64 -376 already showed a highly organized structure compared with the control reaction (Table 1 and Fig. 4A , 3h). In samples taken after 24 h of incubation at 37°C, no fibrils of the 10 -16-nm populations remained (Table 1 ). In all samples, the fibrils present had wider diameters and showed mature cross-striation (Table 1 and Fig. 4A, 24h) . Measurement of collagen, precipitated by centrifugation (20,800 ϫ g for 30 min) after 24 h of fibril formation, was in general agreement with this, with a minor decrease in hydroxyproline in the pellet of the rFM_64 -376 samples, and no differences seen in the tFM_19 -376 or tFM_19 -98 samples (Fig. 4B) .
Tyrosine O-Sulfation Is Critical for Fibromodulin Shortening of the Fibrillogenesis Lag Phase-To investigate the role of sulfated tyrosine residues in collagen fibril formation, a recombinant fragment was produced in E. coli (rFM_19 -98_0S). This fragment corresponds exactly to the tFM_19 -98 amino acid sequence, but contains no post-translational modifications, i.e. sulfation and cysteine disulfide bridge formation. Unlike the sulfated fragment from tissue-extracted protein, rFM_19 -98_0S showed no binding to basic domains (18), even though it contains a number of acidic amino acids contributing to a neg-ative charge at neutral pH. In solid phase assays, the purified rFM_19 -98_0S fragment showed binding to collagen (data not shown), but adding the fragment in a collagen fibrillogenesis assay only resulted in a minor shortening of the fibril formation lag phase with no effects on the rate of fibrillogenesis or plateau turbidity (Fig. 5, B and C) . In contrast, the corresponding fragment from tissue-derived fibromodulin had a significant and dose-dependent effect on both the lag phase and t 50 (Fig. 5 , A and C), confirming the involvement of post-translational modifications.
To verify that the effects on collagen fibril formation were dependent on sulfated tyrosine residues and not the cysteineloop structure, a shorter fragment of the tyrosine-rich region, lacking the cysteine-loop, was generated by trypsin digestion of tFM_19 -98 as described (18) . Addition of this tFM_33-74 fragment, in the same molar range as the tFM_19 -98 fragment, to the in vitro collagen fibril formation assay, shortened the lag phase and accelerated the fibrillogenesis process in a dose-dependent manner (Fig. 5, D and E) . This clearly shows that the sulfated tyrosine residues are responsible for the effect on collagen fibril formation.
Variations in Tyrosine Sulfation Have Minor Influence on Collagen Fibrillogenesis-In bovine fibromodulin, nine of the N-terminal tyrosine residues are O-sulfated to varying degrees (13) . Thus, in anion exchange chromatography, the N-terminal endoproteinase LysC fragment of tFM_19 -376 elutes in six sharp peaks that contain identical protein cores but differ in the distribution and amount of O-sulfate (18) . The sulfation variant fragments can either be pooled (as the tFM_19 -98 preparation) or kept separated (peak 1-6) ( Fig. 6A, inset) . These different fractions were previously shown to have different affinity for heparin binding domains (18) . To investigate if variations in tyrosine sulfation also affected the assembly of collagen monomers, the different peaks were added at equimolar concentration in the fibrillogenesis assay. Because O-sulfation changes the UV absorbance of the tyrosine residues, the concentration of the tFM_19 -98 fragment or individual peaks was assayed by quantitative mass spectrometry.
All individual peak fractions shortened the fibril formation lag phase, and all except the least charged fraction (peak 1) increased the final plateau level (Fig. 6, A and B) . Combining the 6 different peak fractions in the same relative volume proportions as in the tFM_19 -98 pool also gave strong influence on the lag phase (data not shown). No significant effects were seen on the rate of turbidity increase. Taken together, this indicates that the degree of sulfation, rather than a specific sulfation pat- tern, is a critical parameter regarding the influence on the fibril formation.
Discussion
The small leucine-rich proteins, e.g. fibromodulin, decorin, asporin and lumican, are known to influence the fibril formation of collagens and in some of the cases the functional interaction sites have been identified (23) (24) (25) (26) . Studies on fibro-modulin-deficient mice showed abnormal fused collagen fibrils in tendon and ligaments, resulting in weaker tendons and development of osteoarthritis due to instability of the joints (7, 8) . These data clearly indicate that fibromodulin has a crucial role in the formation of proper collagen fibers in tissues where it is present. Tyrosine O-sulfation in the N-terminal domain of fibromodulin (13) has been reported to mimic heparin in binding to clusters of basic amino acids (18) , and heparin and heparin-like over-sulfated glycosaminoglycans are known to bind to collagen and have an effect on the fibril formation in vitro (20, 21) . In view of this, we searched for a similar function of this negatively charged domain of fibromodulin.
The isolated tyrosine sulfate-rich N-terminal domain of tissue-extracted fibromodulin (tFM_19 -98) indeed bound collagen type I coated onto a plastic surface, as did full-length tissueextracted fibromodulin (tFM_19 -376) and N-terminally truncated recombinant fibromodulin (rFM_64 -376). Previous studies have shown that tissue-extracted full-length fibromodulin inhibits collagen fibril formation in vitro (5) . In the present study, collagen fibrillogenesis was also assayed in the presence of the isolated N-terminal tyrosine sulfate-rich domain. In this case the lag phase was shortened in a dose-dependent manner. This result is in line with reports on collagen fibril formation in the presence of negatively charged glycosaminoglycans such as CS-E or over-sulfated CS from the proteoglycan perlecan, which were shown to enhance the fibril formation of collagen type I in vitro and direct the formation of highly, organized fibrils (21) . As expected, full-length tyrosinesulfated fibromodulin inhibited the rate of turbidity increase and the final turbidity level in the collagen fibrillogenesis assay. In contrast to previous studies (5), we also observed a reproducible shortening of the lag phase by full-length tyrosine-sulfated fibromodulin. For comparison, rFM_64 -376, a protein representing the LRR domain of fibromodulin, i.e. lacking the Nterminal tyrosine sulfate domain but containing the two previously described collagen interaction sites (27, 28) , was generated and expressed in a mammalian system. As expected, this truncated protein did not shorten the collagen fibrillogenesis lag phase (Fig. 2, A and B) . Although the fibromodulin effects on collagen fibril formation clearly depend on contributions from both the tyrosine sulfate domain and the LRR domain, the effects of the individual domains are not simply additive. This probably reflects the complex interactions between fibromodulin and collagen, as discussed below, and is supported by the different binding kinetics of the LRR domain and full-length fibromodulin. Nevertheless, this suggests a mechanism for regulating the activity by varying the degree of tyrosine sulfation, e.g. in different tissues, but whether this is the case remains unclear.
We next investigated the binding sites for the different domains of fibromodulin on the collagen molecule and the fully formed fibers. Surprisingly, the N-terminal tyrosine-sulfated extension and the LRR domain both bound to the same three areas of the procollagen I molecule: one binding site in the N-terminal, one binding site at ϳ100 nm, and another site at ϳ220 nm from the N terminus. The same binding pattern was seen with pepsin-extracted collagen type I and in a few cases binding to the C-terminal was observed. Whether the fibro- 
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alignment in fibrils (30) , the mapped sites were located around the borders of overlap and gap regions (Fig. 3D) . This suggests a model where fibromodulin may cross-bridge between collagen molecules and direct the assembly of the fibrils. This hypothesis is supported by EM data, where such complexes were found, notably only in the samples containing full-length fibromodulin. These complexes contained one fibromodulin molecule binding to two collagen molecules at either the 100 or 220 nm binding sites. This result shows that a fibromodulin molecule can bind two separate tropocollagen molecules via its N-terminal domain and either of its central or C-terminal sites, bringing the collagen molecules together for assembly.
The collagen telopeptide regions have been shown to accelerate the rate of fibril assembly and affect the form of the resulting fibrils (31, 32) . Fibromodulin binding to the N-terminal region of the collagen molecule could possibly interfere with telopeptide function. The tFM_19 -98 protein, however, shortened the fibril assembly lag phase both of acid-extracted collagen (retaining the telopeptides) and pepsin-treated collagen (without telopeptides).
All three fibromodulin variants tested were retained on the formed fibers but the N terminally truncated rFM_64 -376 was present to a lower extent on the fibers compared with the two variants containing the N-terminal tyrosine sulfate-rich domain (Fig. 2, C and D) . Further evidence that the fibromodulin N-terminal domain is important for the assembly and fusion of collagen molecules was shown by measuring hydroxyproline content in the pellet after fibrillogenesis in the presence of the variants of fibromodulin. Even though tFM_19 -376, and to some extent rFM_64 -376, inhibited the fibril formation based on the measure of turbidity, more of the total collagen was found in the formed fibrils when full-length tFM_19 -376 fibromodulin or tFM_19 -98 was present, compared with when rFM_64 -376 lacking the tyrosine sulfate domain was present (Fig. 4B ). In surface plasmon resonance experiments, where collagen monomers were immobilized on a sensor chip and the fibromodulin variants were allowed to interact under continuous flow, differences in the association and dissociation were observed when comparing tFM_19 -376 and rFM_64 -376. The rFM_64 -376 showed a faster association to the immobilized collagen but also dissociated rapidly from the collagen at post-injection. In contrast, the tFM_19 -376 was retained at the surface during the post-injection dissociation phase and injection of alkali solution was required to dissociate this molecule from the collagen surface. This indicates a high affinity interaction, although K D values could not be calculated due to the multiple different interaction sites on the two molecules. Despite the clear interaction observed in the solid phase assay, EM and collagen pull-down experiments, injecting the tyrosine-sulfated tFM_19 -98 fragment over collagen in the BIAcore system did not result in any response, perhaps reflecting charge repulsion from the carboxymethylated sensor chip.
Fibromodulin-deficient mice have a larger population of thinner collagen fibers with irregular and rough surface in tendon (8) . Tendon collagen from these mice is more resistant to non-proteolytic extraction due to increased and altered crosslinking. It was shown that the C-telopeptide lysines in the extracted collagen were more oxidized to aldehydes (33) and we therefore speculated that fibromodulin inhibits lysyl-oxidasemediated collagen cross-linking by protecting the collagen from the enzyme. Recently, Kalamajski et al. (34) showed an interaction between the N-terminal domain of fibromodulin and lysyl oxidase, which strengthens this hypothesis. In the same paper, by using triple-helical collagen toolkit peptides, binding to collagen was mapped to sites corresponding to the N-terminal and 220-nm sites, but no direct binding was observed to the 100-nm site observed by us (Fig. 3D ). This may reflect the different collagens used. The toolkit peptides correspond to the homotrimeric collagen types II and III sequences, whereas heterotrimeric collagen type I was used in this study. Interestingly, the collagen toolkit peptides did not completely block fibromodulin binding to immobilized collagen type I, even when combining both the cross-linking site and protease site peptides (34) , suggesting the presence of an additional fibromodulin binding site. A further difference is that in the present study, the interaction was assayed with the collagen in solution, as opposed to immobilized in solid phase assays, which could explain the discrepancy observed for the 100-nm site on collagen type I.
Tissue-extracted fibromodulin molecules will all contain the same protein core, but the N-terminal tyrosine residues will have a different amount and distribution of the O-sulfate posttranslational modification. By mass spectrometry, as many as 9 of 10 tyrosine residues in the bovine fibromodulin sequence have been identified to contain this modification (13) . The distribution of the tyrosine O-sulfation modifications in the N-terminal domain of fibromodulin remains elusive due to a lack of methods to study individual modified tyrosine residues. Nevertheless, separation of the N-terminal tFM_19 -98 fragment into distinct peaks based on net charge shows that individual fibromodulin molecules in the tissue are differently substituted with O-sulfate and therefore differ in charge and properties. A previous study showed preferably binding of peak 4 to proteins with basic domains (18), but little difference in effect on collagen fibril formation was seen for the subfractionated tFM_19 -98 with different O-sulfation patterns. Further attempts to subfractionate the individual six peaks by ion-exchange chromatography at lower pH demonstrated inhomogeneity of the individual peaks, which could explain why no particular peak stood out (18) . Elucidating the amount and distribution of sulfate on the fragment will be of great interest for the understanding of its different biological functions. It is possible that a specific sulfation pattern with strong impact on the formation of collagen fibrils exists, but this remains to be identified.
Taken together, these results show that the tyrosine sulfate domain of fibromodulin contributes to its high affinity binding to collagen and influences the arrangement of the collagen molecules in the early fibrillogenesis phase. This likely leads to changes in affinity or accessibility for the other binding domains of fibromodulin or collagen, which control the lateral growth and fusion of the fibrils and result in well defined, highly organized collagen fibers.
Previously described protein effects on collagen fibrillogenesis are generally inhibitory. One exception is the extracellular NOVEMBER 4, 2016 • VOLUME 291 • NUMBER 45 matrix protein dermatopontin (also known as tyrosine-rich acidic matrix protein, TRAMP), which shortens the lag phase and accelerates in vitro collagen fibril formation (35) . Dermatopontin knock-out mice also show abnormal collagen fibril organization (36) . Interestingly, dermatopontin is tyrosine sulfated (37) , although it remains unclear if this contributes to the effect of this protein on collagen fibril formation. Furthermore, like fibromodulin, several other members of the class II SLRP family have clustered sulfated tyrosine residues in their N-terminal domains (13) . Thus, whereas fibromodulin is the first case where a role for tyrosine sulfate in collagen fibril formation has been directly demonstrated, this appears likely to be a general function for this post-translational modification.
Experimental Procedures
Materials-Pepsin extracted collagen type I from bovine skin (PureCol) was from Advanced BioMatrix, San Diego, CA. A His 6 tag specific antibody (ab18184) was from Abcam (Cambridge, MA). TMB ELISA substrate kit (34021) was from Thermo Scientific Pierce (Rockford, IL). The N-terminal tyrosine sulfate-rich domain of fibromodulin (tFM_19 -98 and tFM_33-74) and peaks of the tFM_19 -98 from separation by ion exchange chromatography were prepared as described (18) . Recombinant full-length fibromodulin (rFM_19 -376), expressed in human embryonic kidney 293-EBNA cells, was prepared as described (27) . Tissue-extracted full-length fibromodulin (tFM_19 -376) was purified from bovine tracheal cartilage (38) . The stable isotope-labeled peptide, SpikeTides TM _ TQL (pyr-Q)YEEDSHWWFQFLR, was from JPT Peptide Technologies, Germany.
Purification of Procollagen Type I-Human fibroblasts (HFL1, ATCC, Manassas, VA) were cultured in Dulbecco's MEM (DMEM), 10% FCS to pre-confluence. Medium was exchanged to DMEM with 50 g/ml of ascorbic acid, 40 g/ml of ␤-aminoproprionitrile and collected after a 24-h incubation (39) . Collected medium was cooled to 4°C and 5 mM N-ethylmaleimide, 1 mM EDTA, and Complete protease inhibitor (Roche Diagnostics, GmbH) was added. The medium was centrifuged at 1000 ϫ g for 5 min at 4°C. Ammonium sulfate was added to the supernatant to a final concentration of 20% (w/v) and the sample was centrifuged at 50,000 ϫ g for 30 min at 4°C. The pellet was dissolved in PBS, 1 mM EDTA and stored at 4°C.
Acid Extraction of Collagen Type I from Mouse Tail Tendon-For solid phase assay, 6-week-old mice were sacrificed and the tail tendons were dissected and washed 5 min in each solution as follows: PBS (0.137 mM NaCl, 26.8 mM KCl, 10 mM Na 2 HPO 4 , pH 7.4), acetone, 70% isopropyl alcohol and PBS. After the washes, the tendons were incubated for 48 h in 16.7 mM acetic acid followed by homogenization. The sample was centrifuged at 50,000 ϫ g for 15 min and the supernatant containing extracted collagen was stored at 4°C. All steps were performed at 4°C. For collagen fibrillogenesis assay, 3-week-old mice were sacrificed and the tail tendons were dissected and incubated for 20 h in 0.5 M acetic acid, 5 mM EDTA. The sample was centrifuged at 11,872 ϫ g for 30 min. Extracted collagen in the supernatant was precipitated by adding NaCl to 0.9 M and collected by centrifugation as above. The pellet was resolved in 0.5 M acetic acid and dialyzed against 12 mM HCl and stored at 4°C. All steps were performed at 4°C.
Expression and Purification of the N-Terminally Truncated (Ala 64 -Ile 376 ) Fibromodulin Protein (rFM_64 -376)-Bovine fibromodulin cDNA in plasmid pET27b(ϩ) (27) was amplified using the primers (5Ј-GCTTACGGCTCTCCACC-3Ј and 5Ј-GGATCCTTTCAGATCTCGATGAAG-3Ј), corresponding to nucleotides 249 -1191 with a flanking BamHI site on the C-terminal primer. The generated fragment was ligated into the PvuII and BamHI sites of the expression vector pCEP4-TAG-Zyme (40) . Transfection of the construct into 293-EBNA cells (Invitrogen), selection with hygromycin, and purification of the secreted protein from culture medium by Ni 2ϩ chelation affinity chromatography was as previously described (41) . Fractions were analyzed by SDS-PAGE and bands of interest were cut out from the gel and analyzed by in-gel trypsin digestion and MALDI-TOF MS (42) . Fractions containing the expressed truncated fibromodulin were pooled and stored at 4°C with 0.02% sodium acid present.
Expression and Purification of Un-sulfated rFM_19 -98_0S in E. coli-Bovine fibromodulin cDNA was used as a template to amplify the N-terminal domain with the primers (5Ј-AAG-CAATATGAGGAAGAC-3Ј and 5Ј-CAATCTCAAGTACCT-GCCCC-3Ј), corresponding to nucleotides 249 -1191 with flanking NdeI and HindIII sites. The generated fragment was ligated into the NdeI and HindIII sites of the expression vector pET28a (Novagen), the sequence identity was confirmed, and the construct was transformed into the protein expression system Rosetta TM (DE3) E. coli (Novagen). The transfected cells were grown in 2ϫ YT medium with kanamycin sulfate (50 g/ml), and after isopropyl 1-thio-␤-D-galactopyranoside induction, the cells were harvested by centrifugation and lysed in 6 M guanidine-HCl, 0.01 M Tris, 7 mM N-ethylmaleimide (pH 8). The cell suspension was passed 10 times through a 0.8-mm injection needle to make the sample less viscous and the supernatant was collected by centrifugation. The recombinant protein was purified by Ni 2ϩ affinity onto a HisTrap TM HP column (GE Healthcare, Sweden), equilibrated in the lysis buffer. Unbound sample was removed by sequential washing with 10 column volumes of lysis buffer, 50 mM Tris-HCl (pH 8), 50 mM Tris-HCl (pH 8) in 60% isopropyl alcohol and 50 mM Tris-HCl (pH 8). Bound material was eluted in 3 column volumes of 1 M imidazole, 0.5 M NaCl, 50 mM Tris-HCl (pH 8). The eluate was analyzed by SDS-PAGE Tris/Tricine and fractions containing the N-terminal fragment of fibromodulin were pooled, diluted with 50 mM Tris-HCl (pH 8) to a final concentration of 0.15 M NaCl, and enzymatically digested with endoproteinase LysC overnight at 37°C to remove the His tag. The digest was applied onto a reverse phase column Source 5 (GE Healthcare Life Science) and bound fragments were eluted and fractionated by a 20-column volume gradient of 0 -100% acetonitrile in 0.1% TFA. The fractions were analyzed by MALDI-TOF MS to identify polypeptides present. Defined fractions were pooled, lyophilized, and dissolved in PBS.
Solid Phase Binding Assay-Acid-extracted collagen type I from mouse-tail tendon, 50 g/ml in 16 mM acetic acid, was coated overnight onto a 96-well Microtest plate (MaxiSorb C96, Nunc, Denmark). Coated wells were rinsed three times
